Hunanyan AS, Petrosyan HA, Alessi V, Arvanian VL. Repetitive spinal electromagnetic stimulation opens a window of synaptic plasticity in damaged spinal cord: role of NMDA receptors. J Neurophysiol 107: 3027-3039, 2012. First published March 7, 2012 doi:10.1152/jn.00015.2012.-As we reported previously, propagation of action potentials through surviving axons is impaired dramatically, resulting in reduced transmission to lumbar motoneurons after midthoracic lateral hemisection (HX) in rats. The aim of the present study was to evoke action potentials through the spared fibers using noninvasive electromagnetic stimulation (EMS) over intact T2 vertebrae in an attempt to activate synaptic inputs to lumbar motoneurons and thus to enhance plasticity of spinal neural circuits after HX. We found that EMS was able to activate synaptic inputs to lumbar motoneurons and motor-evoked potentials (MEP) in hindlimb muscles in adult anesthetized rats. Amplitude of MEP was attenuated in parallel with the decline of responses recorded from the motoneuron pool after HX. Repetitive EMS (50 min, 0.2 Hz) facilitated the amplitudes of responses elicited by electric stimulation of lateral white matter or dorsal corticospinal tracts in HX rats. Facilitation sustained for at least 1.5 h after termination of EMS. The N-methyl-D-aspartate (NMDA) receptor blocker MK-801, injected intraspinally close to the recording electrode prior to EMS, did not alter these responses but blocked the EMS-induced facilitation, suggesting that activation of NMDA receptors is required to initiate an EMS-evoked increase. When MK-801 was administered after EMS-induced facilitation was established, it induced depression of these elevated responses. Results suggest that repetitive EMS over intact vertebrae could be used as a therapeutic approach to open a window of synaptic plasticity after incomplete midthoracic injuries, i.e., to activate NMDA receptors in the lumbar motoneuron pool at synaptic inputs and to strengthen transmission in damaged spinal cord.
REGENERATION OF FIBERS IN damaged spinal cord is quite limited, and strategies to strengthen surviving connections, thus improving recovery of function, appear to be more feasible in a partially injured spinal cord (Alilain et al. 2011; Arvanian et al. 2006; Galtrey and Fawcett 2007; García-Alías et al. 2011; Schnell et al. 1994 Schnell et al. , 2011 Snow et al. 1990 ). After spinal cord injuries (SCI), the diminished ability of spared fibers to transmit signals during the chronic stage of contusion (Arvanian et al. 2006; Hains et al. 2004) , compression (Nashmi and Fehlings 2001) , and lateral hemisection (HX) ) injuries has been reported. Our intra-axonal recordings revealed that conduction deficits in uncut rubrospinal/reticulospinal (RtST) tract axons were associated with increased threshold-to-trigger action potentials in these axons after chronic HX . As a result of these changes, the action potentials triggered by stimuli of physiological strength exhibited lower probability to propagate through spared axons, contralateral to HX. Consequently, transmission to lumbar motoneurons from segments rostral to the injury level was substantially reduced ). Transmission from segments caudal to complete transection (Petruska et al. 2007) or HX ) was less impaired but declined significantly as well. These later results are consistent with the view that the maintenance of synaptic inputs to motoneurons is activity dependent; i.e., denervation is known to reduce synaptic inputs, whereas activation of the afferent pathway may partially restore plasticity (Alvarez et al. 2010; ElBasiouny et al. 2010) . The main goal of the current study was to activate weak synaptic inputs to lumbar motoneurons with the expectation of enhancing plasticity in the spinal neural circuitry using a noninvasive, repetitive electromagnetic stimulation (EMS) technique in chronic HX rats.
Beneficial effects of electric fields applied epidurally or directly to lesioned mammalian spinal cord on functional outcomes are well documented (Borgens et al. 1986; Fehlings et al. 1988; Harkema et al. 2011; MacDonald and Fisher 2011; Richardson and McLone 1978) . However, a reported disadvantage of this stimulation technique is that it requires surgery and electrode implantation and thus results in a high risk of adverse effects.
An alternative method to electrically activate spinal circuits using a noninvasive technique is EMS over intact vertebrae. Pulses of magnetic field can deliver electric stimuli through intact tissue to deep underlying structures and have been widely used for transcranial magnetic stimulation (TMS) (Amassian et al. 1989; Barker et al. 1985; Hallett 2007; Kumru et al. 2010) . Reports regarding spinal EMS are limited. In noninjured humans (Gerasimenko et al. 2010 ) and cats (Avelev et al. 2011) , EMS, at the thoracic level, was found to induce locomotor-like movements in legs. Few reports describe beneficial effects of repetitive spinal EMS on functional outcomes after SCI in rodents and cats (Ahmed and Wieraszko 2008; Crowe et al. 2003) . However, effects of EMS over spinal vertebrae on synaptic plasticity of spinal circuits are understudied.
In this study, we have used multiple electrophysiological techniques and recorded simultaneously in vivo extracellularly from lumbar ventral horn, intracellularly from lumbar motoneurons, and intramuscularly from hindlimb muscles in adult rats. We have used these recordings to examine effects of EMS over intact thoracic T2 vertebrae on synaptic plasticity at lateral white matter (LWM) and dorsal corticospinal tracts (dCST) after midthoracic HX injury. Some results of this study have been published in abstract form Hunanyan et al. 2010b ).
MATERIALS AND METHODS
These studies were carried out on 45 adult (ϳ210 g), female Sprague-Dawley rats, in accordance with protocols approved by the Institutional Animal Care and Use Committees at SUNY Stony Brook and the Veterans Affairs Medical Center. We used a unilateral HX SCI model and several electrophysiological recording techniques, depending on the questions asked. To examine the responses evoked by EMS over intact vertebrae, we recorded intracellularly from L5 motoneurons and extracellularly from LWM and from hindlimb muscles. To examine the effects of repetitive EMS at spinal-descending tracts, we stimulated specific tracts electrically using tungsten electrodes and recorded simultaneously the motor-evoked potentials (MEP) from hindlimb muscles and the extracellular responses from L5 ventral horn, before and after EMS, respectively. Finally, we used intraspinal injections of pharmacological agents during the recordings to examine the effects of EMS on glutamate N-methyl-D-aspartate (NMDA) and non-NMDA receptors.
SCI
Animals were anesthetized in an induction chamber with 3% isoflurane in 100% O 2 and then transferred to a facemask and maintained in an anesthetized state with 1.5% isoflurane in 100% O 2 during surgery. Rats were placed on a water-circulated heating pad to maintain 36.7°C body temperature during surgery. Dorsal laminectomy was performed to expose the spinal cord T10 segment. HX injuries were performed as described previously ). Briefly, one tip of an iridectomy scissor was passed through the entire thickness of the T10 spinal cord dorsal to ventral at the midline, and the left dorsal and ventral columns were cut from the lateral edge to the midline. After the injuries, the muscles and skin were closed in layers, and antibiotic (Baytril, 5 mg/kg), analgesic (Buprenorphine, 0.05 mg/kg), and 10 ml sterile-lactated Ringer solution were administered subcutaneously. Injections of antibiotic, analgesic, and Ringer solution were administered for 3 days postinjury.
In vivo extracellular and intracellular recordings
All terminal electrophysiological recordings were conducted at 2-4 wk postinjury. This survival time window was based on our previous study, which demonstrated that the decline of transmission to motoneurons through surviving fibers contralateral to HX starts at 1 wk, plateaus at 2 wk, and remains diminished for at least 14 wk postinjury ). Animals were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) via intraperitoneal injection. Supplemental doses (one-fifth of original dose) were administered if necessary. The body temperature of the animals was maintained at 36.7°C using an automatically controlled heating pad. Tracheotomy was performed, and expired CO 2 and heart rate were monitored continuously. If it was necessary, the animals received artificial ventilation until they recovered natural breathing.
T13-L6 ventral spinal segments were placed tightly between custom-made bars to minimize movement of the cord during recordings. A dorsal laminectomy was performed, the dorsal surface of the cord was embedded in an agar layer, and an opening in the agar layer above the recording site was filled with mineral oil. Dura was carefully removed from the dorsal surface of the cord to provide access for recording electrodes. The extracellular recordings were performed as described previously Hunanyan et al. 2010a) . Briefly, extracellular responses were acquired from the right L5 ventral horn or right LWM via the tungsten electrode (resistance: 300 k⍀; FHC, Bowdoin, ME) and lowered into the L5 spinal cord (P5 amplifier; Grass Technologies, West Warwick, RI). When recording from the ventral horn gray matter, the electrode was positioned to enter the right side of the cord at the dorsal root entry zone at an angle of 25°from the vertical in the sagittal plane (tip directed rostrally) and was lowered to a depth of 1.3 mm ). When recording from LWM, the recording electrode was positioned to enter the LWM of the cord at an angle of 20 -22 0 from the vertical in the sagittal plane (tip directed rostrally), and then the tungsten electrode was lowered into the LWM spinal cord to a depth of 1 mm .
Intracellular recordings from L5 motoneurons were performed as described previously Hunanyan et al. 2010a) . Briefly, sharp glass microelectrodes of 50 -70 M⍀ resistance, filled with 3 M K-acetate, were used to impale motoneurons located in the ventral horn at the right L5 spinal cord. Motoneurons were identified by their antidromic response to electric stimulation of the cut L5 right ventral root. For analysis, we used motoneurons having resting membrane potentials ranging from Ϫ55 to Ϫ65 mV.
MEP recordings
To record MEP responses, the fur was shaved from the hindlimb biceps femoris (BF) muscle region. Two platinum subdermal electrodes (27-G) were inserted into the right hindlimb BF muscle, one of the largest muscles in the hindlimb, and predominantly innervated from the L5 spinal cord (Manzano and McComas 1988) . A reference electrode was positioned under the skin close to the base of the tail, as described previously (Beaumont et al. 2006) . Data were acquired via a P5 amplifier (Grass Technologies). MEP amplitude was measured between the first-largest peak of one polarity and the following peak of other polarity; latency was measured from the beginning of the stimulus artifact to the first-largest peak in either direction (Beaumont et al. 2006) . For each rat, the averages of latency and peak-to-peak amplitude were computed for values from single MEP sweeps (total 20 sweeps). These average values in a given condition, i.e., before, during, and after repetitive EMS, were normalized to the average values from the first 20 sweeps and compared over all animals. All signals were amplified, filtered, and digitized at 100 kHz, stored on a personal computer, and analyzed offline using pCLAMP 10.
Stimulation protocols
Responses were evoked by either EMS over intact T2 vertebrae or electric stimulation of dCST at T6 or tracts in LWM at the T6 level ipsilateral to recording electrodes.
EMS. For EMS, we used a Magstim Model 200 2 (The Magstim Company, Wales, UK) stimulator with a figure-eight coil with 50 mm diameter of each wing. The handle of the coil was rigidly clamped to the micromanipulator perpendicular to the cord, and the coil was centered over intact T2 vertebrae and attached to the skin (Fig. 1) . T2 was used as a landmark, because it is the biggest spine in that region and easy to detect through the intact skin. Stimulation was applied at 100 s pulse duration and 0.2 Hz frequency. A choice of relatively low-stimulation frequency was based on: 1) the results of our preliminary (Hunanyan et al. 2010b ) and current (see Figs. 6 and 7) studies, emphasizing the role of NMDA receptors in the effects of repetitive EMS and 2) the necessity of at least five times longer time for NMDA receptor-mediated responses vs. ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/kainate receptor-mediated responses of lumbar motoneurons from synaptic inputs to maintain reproducible responses (Arvanian and Mendell 2001b) . Note that the frequency of electric stimulation of the ventrolateral funiculus (VLF) to evoke responses in lumbar motoneurons with minimum fluctuation in peak amplitude was 1 Hz in adult rat ). Maximum intensity of stimulator at the surface of the coil was 4 T (100%). Throughout experiments, we used 70% of maximum intensity of the stimulator, unless specified. For repetitive EMS, four trains of 100 pulses each, with 7-min breaks between trains, were applied. Consistent with previous reports describing MEP induced by TMS (Luft et al. 2001; Nielsen et al. 2007) , slight changes of position of the stimulating electromagnetic coil induced substantial changes in the amplitude of MEP induced by EMS over spinal vertebrae in our experiments (not shown). Therefore, for each rat, the coil was moved rostrocaudally and dextrosinistrally (Ϯ0.5 cm relative to T2 vertebrae) to acquire maximum MEP evoked by EMS, and after this, the position of the coil remained fixed throughout the experiment.
In selected rats, we have performed transection of the spinal cord at L1 during continuous recordings. After measuring control responses, the blade was placed at the lateral edge of the cord and pushed to the ventral bone and then to the other side of the cord while maintaining contact to the ventral bone. To maintain continuous, extracellular recordings from the spinal cord, the lesioned edges of the cord have not been retracted.
Electric stimulation of LWM and dCST axons. In experiments that involved direct electric stimulation of the spinal tracts, two dorsal laminectomies of the spinal cord were performed to expose T6 (for placement of the tungsten electrode for electric stimulation) and T13-L6 (for placement of the recording electrode at L5).
For electric stimulation (using A300 Pulsemaster/A360 Stimulus Isolator, World Precision Instruments, Sarasota, FL) of LWM axons, the tungsten-stimulating electrode was positioned between the dorsal root entry zone and the lateral edge of the spinal cord at T6 via a micromanipulator. The insulation coat of the stimulating electrode was removed from the tip. To determine the optimal depth for the stimulating electrode, we monitored the evoked response from the extracellular recording electrode, while inserting the stimulation electrode via a micromanipulator. The depth of the stimulating electrode from which a maximum response was evoked was usually ϳ1.7 mm.
For electric stimulation of the dCST, the tungsten electrode was positioned at the right T6, 0.1 mm far from dorsal midline, and lowered to ϳ1 mm depth using a micromanipulator. Again, to determine the optimal depth for the stimulating electrode, we monitored the evoked response from the extracellular recording electrode while inserting the stimulation electrode via a micromanipulator. Note that the position of the stimulating electrode, at which the largest responses have been recorded, is in direct correlation with the location of dCST. To stimulate either LWM or dCST, stimuli of increasing intensity were delivered to determine a maximum response. The intensity was maintained unchanged throughout the experiment at the level of maximum response for each rat. The stimulus duration was 50 s and was delivered at 0.2 Hz. The responses to 20 consecutive stimuli were averaged, and amplitude was measured from baseline to maximum peak. The same stimulation electrode and same protocols were used to evoke the extracellular responses and the MEP responses, which were measured simultaneously.
Histological evaluation of the extent of the lesions
After completion of electrophysiological experiments, we evaluated the extent of the injury to make sure that one side of the cord was completely lesioned. Rats were transcardially perfused with 4% paraformaldehyde; spinal cords were removed, postfixed for 2 h, and cryoprotected with 30% sucrose in 0.1 m PBS for several days. A segment of cord, ϳ1 cm in length, containing the lesion site (T10), was embedded in the frozen section medium and frozen in dry ice-cooled isopentane. Transverse, 20-m-thick sections were cut on a cryostat, collected serially onto substrated glass slides, stained with Cresyl violet, and viewed using a Zeiss Axioskop upright microscope. Images were captured with a Zeiss AxioCam MRm camera (using 2.5ϫ magnification) and Zeiss AxioVision 4.8 software. Four rats with an incomplete lesion of the left side of the cord have been excluded from analyses.
Statistical analysis
For data analysis, a one-way ANOVA on Ranks (SigmaPlot 11) was used. If significant differences were observed between groups, Tukey tests were used for pairwise comparisons as appropriate. Data are presented as means Ϯ SE. Results were considered statistically significant if P Ͻ 0.05.
RESULTS
In this study, we have used multiple electrophysiological techniques and recorded simultaneously in vivo extracellularly from lumbar ventral horn, intracellularly from lumbar motoneurons, and intramuscularly from hindlimb muscles in adult rats. We have used these recordings to examine effects of EMS over intact thoracic T2 vertebrae on synaptic plasticity at LWM and dCST tracts after midthoracic HX injury. Some results of this study have been published in abstract form Hunanyan et al. 2010b ). and stimulation-pulse parameters. The coil is centered over intact T2 vertebrae. The pulse duration is 100 s, and frequency is 0.2 Hz. Arrows on the coil show direction of the current passing through the coil, which in our experiments, produced the best noise/signal ratio. B: example of transverse section at the spinal cord injury epicenter to show the extent of hemisection (HX) injury with highlighted areas of the spared dorsal column and lateral white matter (LWM).
Responses recorded intracellularly from lumbar motoneurons and evoked by EMS
Recent reports revealed that EMS at thoracic or cervical vertebrae induced locomotor-like movements in legs of noninjured humans (Gerasimenko et al. 2010 ) and cats (Avelev et al. 2011) . However, an important question remained as to whether EMS, over intact spinal vertebrae, would activate synaptic inputs to motoneurons. To answer this question, we have conducted intracellular recordings from single lumbar motoneurons in response to EMS over intact T2 vertebrae in HX adult rats. Fig. 2 illustrates a typical example of responses recorded intracellularly from L5 motoneurons and evoked by EMS of rising intensity in rats, 3-4 wk after HX injury. We found that measurable responses could be observed at ϳ50% of maximum stimulator output (1.43 Ϯ 0.16 mV amplitude; 4 Ϯ 0.43 ms latency; n ϭ 4 rats). Increasing EMS intensity from 50% to 60% stimulus strength induced an increase of the amplitude of these responses (3.8 Ϯ 0.4 mV), without changes of the latency. Further increases of intensity to 70 -100% of the maximum EMS intensity evoked action potential on the rising phase of these responses in six out of nine cells recorded in four rats ( Fig. 2A) . These results suggest that responses recorded intracellularly from lumbar motoneurons and evoked by EMS over intact vertebrae rostral to HX injury are most probably excitatory postsynaptic potentials (EPSP).
To examine whether these EMS-evoked responses are glutamatergic, we have examined effects of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), an AMPA/kainate receptor antagonist, known to selectively block the initial, monosynaptic EPSP responses recorded intracellularly from lumbar motoneurons in neonatal (Arvanov et al. 2000) and adult (Hunanyan et al. 2010a ) rats. We found that intraspinal injections of CNQX (200 M concentration in glass micropipette; 0.7 l-injected vol) into the ventral horn, close to the position of the tip of the intracellular recording electrode, blocked the amplitude of the EMS-evoked responses, recorded from individual motoneurons after about 5 min postinjection (Fig. 2B ). It is important to note that antidromic action potentials in the same motoneurons were not affected by intraspinal injection of CNQX, thus indicating that injection did not damage the motoneurons and did not alter the function of voltage-gated Na channels in motoneuron membranes but selectively depressed the EMSevoked responses (Fig. 2, C and D) . To our knowledge, these experiments are the first direct, electrophysiological proof that EMS, over intact vertebrae, may activate synaptic inputs to L5 motoneurons and that these inputs are glutamatergic.
Responses recorded extracellularly from spinal cord and from BF hindlimb muscle and evoked by EMS
From our previous study, conduction of spared fibers across the injury epicenter and caudal to the injury was markedly reduced after chronic midthoracic HX injury , resulting in diminished transmission through these fibers to lumbar motoneurons ). From electrophysiological experiments, motoneurons in the lumbar ventral horn receive functional monosynaptic inputs from ipsilateral thoracic VLF (Arvanov et al. 2000; Pinco and Lev-Tov 1994) . It is consistent with the results of anatomy/tracing experiments, demonstrating the innervation of lumbar motoneurons from VLF tracts (Reed et al. 2008 ). To examine whether EMS, over thoracic vertebrae, may generate compound action potentials through the spared fibers and induce MEP through these spared fibers in the hindlimb muscles, we have conducted the following experiments: recorded simultaneously from right-side LWM and from right-hindlimb BF muscle; responses evoked by EMS over intact T2 vertebrae in chronic HX (HX of the left side of the cord) rats. Fig. 2 . EMS over intact vertebrae may activate synaptic inputs to individual L5 motoneurons in chronic HX rats. A: excitatory postsynaptic potential (EPSP) responses recorded intracellularly from lumbar L5 motoneurons and evoked by EMS of rising intensity. EPSP amplitude increased as a result of increasing EMS stimulus intensity; superimposed traces are responses to EMS of 50%, 60%, and 70% of maximum stimulator output, respectively. Note that action potential on the rising-phase EPSP evoked by EMS with stimulus intensity of 70%. Inset shows nonfiltered traces of the same responses to display EMS stimulus artifact. B: intraspinal injections of 6-cyano-7-nitroquino-xaline-2,3-dione (CNQX; ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid/kainate receptor blocker; 200 M; 0.7 l-injected vol), close to recording electrode, resulted in dramatic depression of EMS-evoked EPSP responses. C and D: antidromic action potential evoked in the same motoneuron by electric stimulation of the L5 ventral root before and after CNQX injection, respectively. Note that antidromic action potentials in the same motoneuron were not affected by intraspinal injection of CNQX. E: diagram illustrating position of the electromagnetic coil over intact T2 vertebrae and position of the recording electrode in L5 ventral horn (laminectomy exposing T13-L6 spinal segments).
Our extracellular recordings from L5 LWM axons revealed that each pulse of EMS evoked extracellular responses; these responses exhibited ϳ5-6 ms latency, and the shapes of these responses recorded extracellularly (Fig. 3A1 ) resemble the reversed shape of action potentials, recorded intracellularly from white matter axons . These responses were abolished completely after complete transection of spinal cord at L1 ( Fig. 3A2 ; n ϭ 5; L1 was an accessible level of exposed spinal cord following T13-L6 laminectomy, the vertebrae was not removed from more rostral levels, and the position of the coil remained fixed to avoid fluctuation of responses, which was highly dependent on the position of the coil). Note that these results do not exclude the possibility that EMS may stimulate spinal tissue and roots, rostral and caudal to T2, above which, the electromagnetic coil was centered. However, the lack of responses after L1 transection strongly suggests that the field does not spread below the L1 level. Recordings of compound action potentials from LWM, evoked by EMS, strongly suggest that despite a possibility of stimulation of other structures, EMS does stimulate spinal tracts and does generate compound action potentials through the spared fibers contralateral to HX injury.
Simultaneously with the above-mentioned extracellular recordings, we recorded the MEP from BF muscle in these five rats. We found that each compound action potential evoked by EMS in the LWM coincided with initiation of MEP in hindlimb BF muscle (Fig. 3B) . After L1 transection, these MEP were reduced dramatically, but small, residual responses were still present in three out of five rats recorded (not shown), although responses recorded from the spinal cord were abolished completely in all five rats (see above and Fig. 3A2 ). These barely seen residual responses, recorded from the muscle, exhibited same latency compared with the relatively larger amplitude response prior to transection, suggesting that these residual responses could be a covert response through uncut fibers. In addition, we have measured the EMS-evoked MEP only (extracellular recordings were not conducted) in six other rats. Mean amplitude of EMS-evoked MEP was 0.25 Ϯ 0.08 mV and 16.4 Ϯ 1.9 ms latency in HX rats (n ϭ 11).
To compare the MEP evoked by EMS in chronic HX and noninjured rats, we measured the EMS-evoked MEP from BF hindlimb muscle in noninjured rats. We found that in noninjured rats, EMS over T2 vertebrae evoked MEP of 0.76 Ϯ 0.07 mV amplitude and 9.4 Ϯ 1.5 ms latency ( Fig. 3C ; n ϭ 7). Comparison of MEP in noninjured and chronic HX rats revealed that amplitude of the EMS-evoked MEP was significantly smaller (P Ͻ 0.05), and latency was significantly longer (P Ͻ 0.05) in HX (n ϭ 11) vs. noninjured (n ϭ 7) rats.
Since TMS has been widely used for electrophysiological evaluation of descending spinal pathways in rats (Cao et al. 2005; Magnuson et al. 1999) , we examined and compared the effects of HX injury on MEP evoked by TMS and by EMS over T2 vertebrae. We also studied the effects of repetitive EMS on TMS-evoked responses. Consistent with previous reports (Luft et al. 2001) , TMS (70 -100% of maximum stimulator output) evoked MEP in hindlimb muscles in six out of seven noninjured rats (0.28 Ϯ 0.1 mV; 13.7 Ϯ 1.8 ms; not shown). However, TMS was not able to evoke MEP in hindlimb muscles in chronic HX rats (n ϭ 7; not shown); in these animals, MEP, evoked by EMS at the thoracic level, were obtained reliably (Fig. 3) . Consistent with these results, TMS appears to have only remote effects on excitability of the spinal circuits innervating the hindlimb muscles after SCI, and TMS reportedly failed to induce measurable MEP in distal muscles in chronically injured rats (Cao et al. 2005; Loy et al. 2002; Magnuson et al. 1999) . The discrepancy between the ability of spinal EMS and TMS to elicit MEP in HX spinal cord is consistent with the view that changes of MEP, elicited by TMS, can result from changes in excitability, not only at spinal pathways but also at cortical neurons as well (Edgley et al. 1997) , and highlights the importance of examining the effects of spinal EMS.
Results presented above (Fig. 3 ) suggest that EMS, over intact spinal vertebrae, can generate compound action potential through fibers in LWM and induce MEP in the hindlimb muscles. Our current finding of smaller amplitude and longer latency of these EMS-induced MEP, recorded from the hindlimb muscles in chronic HX rats, is in good agreement with our previous intracellular experiments, demonstrating smaller amplitude and longer latency of monosynaptic responses, recorded from individual lumbar motoneurons and evoked by electric stimulation of VLF Arvanian et al. 2009 ) and reticulospinal tract (Hunanyan et al. 2010a ) axons contralateral to chronic HX. The increased threshold and limited propagation of action potentials through the surviving axons and thus limited activation of synaptic inputs to motoneurons have been previously suggested to determine the decline of both polysynaptic transmission through contralateral LWM and monosynaptic transmission through ipsilateral LWM to lumbar motoneurons in our previous intracellular experiments .
In this study, we have examined the ability of EMS to generate compound action potentials in the LWM tracts, including the VLF, known to project monosynaptically to lumbar motoneurons (see above). Nonetheless, these results do not rule out the possibility that EMS may activate polysynaptic projections in LWM, as well as projections at other spinal tracts, particularly dCST, which is one of the closest to the coil surface and one in which axons can sprout into the gray matter to contact short and long propriospinal neurons in a partially damaged spinal cord (Bareyre et al. 2004 ). Effects of EMS on monosynaptic and polysynaptic projections at specific ascending and descending tracts need to be examined further.
Prolonged, repetitive EMS-induced, long-lasting facilitation of MEP amplitude
In an attempt to examine whether repetitive forcing of action potentials through the surviving fibers and corresponding repetitive activation of synaptic inputs to lumbar motoneurons are able to enhance synaptic plasticity during the course of HX injury, we examined the effects of repetitive EMS. Intensity of EMS over intact T2 vertebrae was chosen at 70% of maximum stimulator output, the minimum intensity capable to evoke action potentials on the rising phase of EPSP recorded from lumbar motoneurons (see Fig. 2A ). Striking results have been obtained while examining characteristics of MEP induced by continuous spinal EMS: the amplitude of MEP dramatically increased after ϳ40 -50 min of repetitive EMS and remained elevated after termination of EMS. The mean amplitude was averaged from 20 MEP every 15 min. We found that during the first 5 min of continuous EMS (0.2 Hz frequency), the amplitude of MEP remained unchanged (100.6 Ϯ 0.5% vs. 100% of the mean of MEP evoked by the first 20 pulses; P Ͼ 0.05; n ϭ 11; Fig. 4, A and B) . However, beginning at 20 min after the start of repetitive EMS, the amplitude of MEP became elevated (161.6 Ϯ 26.7%; P Ͻ 0.05). Amplitude of MEP continued to rise during the next 15 min (268.3 Ϯ 57.4% at 35 min of repetitive EMS; P Ͻ 0.05) and plateaued at 301.6 Ϯ 65.2% after 50 min of stimulation (P Ͻ 0.05; n ϭ 11; Fig. 4, A and B) . The mean amplitude of MEP in HX rats after 50 min of repetitive stimulation became 0.73 Ϯ 0.1 mV, i.e., comparable with the amplitude of MEP in noninjured rats (0.76 Ϯ 0.07 mV; see above and Fig. 3C ). However, facilitation of the mean amplitude of MEP was not associated with changes in latency of these responses (latency was 16.4 Ϯ 1.9 ms after 5 min and 15.8 Ϯ 2.5 ms after 50 min of repetitive EMS; P Ͼ 0.05; n ϭ 11). An important result was that facilitation of mean amplitude of MEP sustained for at least 2 h after cessation of repetitive EMS (227 Ϯ 57.4%; P Ͻ 0.05; Fig. 4, A and B) . One interesting observation was that after facilitation of MEP was established, each pulse of EMS was accompanied by a focal twitch of the hindlimb muscle in almost all HX rats (n ϭ 10 out Fig. 4 . MEP evoked by EMS over T2 intact vertebrae in chronic HX rat: repetitive EMS induced long-term potentiation (LTP)-like facilitation of MEP amplitude. A: 5 superimposed, consecutive traces of MEP, evoked by repetitive EMS and recorded from hindlimb BF muscle at 5 min and then every 15 min during continuous EMS. After 50 min of repetitive EMS, stimulation was stopped, and responses were again recorded after a 2-h break. B: summary of the results demonstrating LTP-like facilitation of the peak amplitude of MEP induced by repetitive EMS; amplitude of MEP remained elevated for at least 2 h after termination of EMS. Mean peak amplitude of 20 consecutive responses at each time point after initiation of repetitive EMS was measured; *P Ͻ 0.05. of 11 studied; not shown). Such muscle twitch was barely seen (two rats out of 11) in HX rats before facilitation and was a common observation in most (six out of seven rats) noninjured rats examined. A summary of results demonstrating a longlasting facilitation of the mean amplitude of MEP, induced by repetitive EMS, is presented in Fig. 4B .
Effect of repetitive EMS on MEP and extracellular responses evoked by direct electric stimulation of spinal dCST or LWM
Although the above-mentioned results of intracellular recordings strongly suggest that EMS may activate synaptic inputs to L5 motoneurons (Fig. 2) , it was difficult to specify which spinal tracts projecting to lumbar motoneurons could use the long-lasting facilitation of MEP in hindlimb muscles followed by the repetitive EMS. Therefore, we have further examined whether repetitive EMS may induce facilitation of responses elicited by electric stimulation of LWM and dCST spinal tracts. The choice of electric stimulation of these motor tracts was based on the results of previous studies demonstrating: 1) the role of these tracts in locomotor function in adult rats (Bareyre et al. 2004) , 2) that lumbar motoneurons receive monosynaptic projections from RtST Reed et al. 2008) , and 3) that electrical stimulation of the motor cortex of adult Sprague-Dawley rats induced EMG in hindlimb BF muscle through RtST and dCST tracts (Kalderon and Fuks 1996) .
To examine effects of repetitive EMS on transmission through these spinal tracts, we recorded simultaneously the MEP from hindlimb BF muscle and extracellular responses from the L5 ventral horn contralateral to chronic HX, in response to electric stimulation of LWM or dCST at T6, before and after repetitive EMS, respectively. In chronic HX rats, electric stimulation of dCST evoked extracellular responses of 0.07 Ϯ 0.01 mV in the L5 motoneurons pool and MEP of 0.2 Ϯ 0.08 mV ( Fig. 5; n ϭ 11 ). In the same rat, electric stimulation of LWM evoked extracellular responses of 0.09 Ϯ 0.04 mV and MEP of 0.08 Ϯ 0.06 mV (Fig. 5) . After taking control measurements of these responses, evoked by electric stimulation of LWM or dCST, repetitive EMS was applied over intact T2 vertebrae for 50 min, and after termination of repetitive EMS, the responses evoked by electric stimulation of corresponding spinal tracts were measured again. We found that after 50 min of repetitive EMS, the mean amplitude of MEP in BF muscle from either dCST (290 Ϯ 51%; P Ͻ 0.05; Fig. 5C ; n ϭ 11) increased significantly. In parallel, repetitive EMS induced a similar facilitation on the mean amplitude of extracellular responses in the L5 motoneuron pool from these spinal tracts (LWM: 184 Ϯ 19%, Fig. 5D ; dCST: 159 Ϯ 11%, Fig. 5B ; P Ͻ 0.05; n ϭ 11); facilitation sustained for at least 1.5 h after termination of repetitive EMS (Fig. 5E) .
Together, these results demonstrate that repetitive EMS over T2 vertebrae induced a long-lasting facilitation of responses, which were recorded simultaneously from the spinal cord and from the hindlimb BF muscle and were evoked by electric stimulation of spinal tracts in either LWM or the dorsal column in HX rats.
Role of NMDA receptor in EMS-evoked facilitation
Because the EMS-evoked facilitation of synaptic transmission at dCST and LWM inputs to the motoneuron pool lasted beyond the stimulation period (Fig. 5) , it can apparently be considered long-term potentiation (LTP)-like facilitation. It is well known that activation of neuronal NMDA receptors is required for different forms of LTP, including LTP in hippocampus (Coan et al. 1987; Malenka 1994) or both LTP and long-term depression in superficial laminae of the spinal dorsal horn (Liu and Sandkühler 1995; Randić et al. 1993) , induced by activation of specific inputs, using a brief high-frequency electrical stimulation. Activation of NMDA receptors in lumbar motoneurons was found to be critically involved in induction of LTP-like action of neurotrophins, neurotrophin 3 (NT-3) and brain-derived neurotrophic factor (BDNF), in the spinal cord of neonatal rats as well (Arvanian et al. 2004; Arvanian and Mendell 2001a; Arvanov et al. 2000) . To examine the role of NMDA receptors in induction and maintenance of LTP-like facilitation induced by repetitive EMS, we have examined effects of MK-801, known to induce a noncompetitive, irreversible block of NMDA receptors in neurons (Davies et al. 1988) , including lumbar motoneurons in the rat spinal cord (Arvanov et al. 2000; Shanthanelson et al. 2009 ).
The recording configuration is presented schematically in Fig. 6E . Extracellular responses were recorded from L5 gray matter and evoked by electrical stimulation of either dCST or LWM at T6 contralateral to HX. Intraspinal injections of MK-801 (100 M concentration in pipette; 0.3 l-injected vol) were made into the L5 right ventral horn motoneuron pool, close to the area of the extracellular recording electrode, either before or after administration of repetitive EMS, depending on the task studied.
To study the role of NMDA receptors in induction of LTP-like action induced by repetitive EMS, the responses were recorded at the following consecutive steps: 1) before, 2) 10 min after intraspinal injections of MK-801, and 3) finally, after repetitive EMS. We found that intraspinal injections of MK-801 into the L5 ventral horn had no significant action on extracellular responses evoked by either dCST or LWM (Fig.  6 , A and B; P Ͼ 0.05; n ϭ 4). This suggests that NMDA receptors do not mediate a measurable fraction of synaptic responses at these inputs, as previously reported for monosyn- aptic VLF inputs to lumbar motoneurons in postnatal rats (Arvanian et al. 2004; Arvanov et al. 2000) . Ten minutes after the MK-801 injection, the rats were treated with 50 min of repetitive EMS over intact T2 vertebrae, and responses evoked by electric stimulation of both descending tracts were measured again. We found that the facilitatory action of repetitive EMS on the dCST-and LWM-evoked responses was prevented in cords that were injected with MK-801. Summary of results are presented in Fig. 6 , C and D. These results suggest that NMDA receptor activation is necessary for induction of LTPlike facilitation induced by the repetitive EMS at both LWM and dCST inputs.
To examine the possibility that repetitive EMS may produce direct action on activity of NMDA receptors at dCST and LWM synaptic inputs to lumbar motoneurons, we studied the effects of MK-801 injections on extracellular responses measured from the L5 motoneurons pool and elicited by electric stimulation of dCST and LWM, after these responses became facilitated as a result of repetitive EMS. For these experiments, the responses have been recorded at the following consecutive steps: 1) before, 2) after repetitive EMS, and 3) after intraspinal injections of MK-801, following the EMS-evoked facilitation. In four experimental animals, 50 min of repetitive EMS resulted in facilitation of the mean amplitude of extracellular responses evoked by electric stimulation of either dCST (164 Ϯ 7%; P Ͻ 0.05) or LWM (194 Ϯ 10%; P Ͻ 0.05; n ϭ 4; Fig. 7 ). After facilitation was established, MK-801 was injected close to the area of the recording electrode, as above. Interestingly, intraspinal injections of MK-801, after repetitive EMS-evoked facilitation was established, induced a significant depression of responses at both descending tracts. Depression of these responses was evident, beginning ϳ5 min postinjection, and responses reached a new, low plateau at ϳ10 min postinjection. MK-801 induced a depression of responses evoked from dCST of ϳ30%, so that peak amplitude stabilized at 116 Ϯ 12% of control response, measured prior to EMS (P Ͻ 0.05 vs.
amplitude of elevated response, measured after repetitive EMS, prior to MK-801 injections; n ϭ 4); responses evoked from LWM were depressed by ϳ37%, so that peak amplitude stabilized at 122 Ϯ 13% of pre-EMS response (P Ͻ 0.05 vs. amplitude of elevated response, measured after repetitive EMS, prior to MK-801 injections; n ϭ 4; Fig. 7, A and B) . Note that as described above, in the absence of MK-801, the amplitude of both dCST-and LWM-evoked responses remained elevated for at least 1.5 h after the termination of repetitive EMS (see Fig. 5 ). However, intraspinal injections of MK-801, after the EMS-evoked facilitation was established, depressed the amplitude of these elevated responses within 10 min. It is also important to note that MK-801 selectively depressed the late synaptic component of the composite elevated responses following repetitive EMS, producing no effect on the initial fast action potential volley component of these responses (Fig. 7, A  and B) . Since the initial fast component of the composite responses has been described previously as the action potential volley, and the later component has been attributed to the synaptic response ), we suggest that intraspinal injections of MK-801, after repetitive EMS, selectively depressed the synaptic component of the elevated responses, producing no effect on the action potential volley response.
Note that in all rats examined using extracellular recordings (n ϭ 19), repetitive EMS induced facilitation of the later synaptic component. In the majority of these rats, the repetitive EMS induced facilitation of the late synaptic component, producing no changes in the amplitude of the fast action potential volley component (see Figs. 5 and 7) . However, in few rats (four out of 19), we have observed an increase of the fast volley component, along with facilitation of the late component (not shown). These results suggest that repetitive EMS induce a LTP-like action by enhancing synaptic plasticity. However, a possibility of changes in axonal excitability cannot be excluded. As such, investigation of cellular mecha- nisms underlying a LTP-like facilitation, as well as changes of axonal excitability (as an additional mechanism), offers the potential for further study.
DISCUSSION
We provide the first direct physiological evidence that spinal EMS over intact thoracic vertebrae may activate synaptic inputs to individual lumbar motoneurons and that these inputs are glutamatergic. The major finding is that repetitive spinal EMS induced a long-lasting facilitation of synaptic transmission to lumbar motoneurons and hindlimb muscles from dCST and LWM spinal tracts in chronic HX rats. This facilitation lasted after the termination of repetitive EMS and required activity of NMDA receptors. An additional, important finding was that repetitive EMS induced facilitation of NMDA receptor function at synaptic inputs from dCST and LWM to the motoneuron pool. Thus this study provides the first evidence that repetitive EMS over intact spinal vertebrae could be used as a noninvasive method to activate NMDA receptors in the lumbar motoneuron pool and consequently, to increase the synaptic plasticity of the spinal neural circuitry after chronic incomplete SCI.
EMS over intact T2 vertebrae activates synaptic inputs to lumbar motoneurons
Currently, to the best of our knowledge, there is no direct proof that EMS over the spinal cord can activate synaptic inputs at lumbar motoneurons. Some earlier studies describe unsuccessful attempts to stimulate the descending motor tracts using EMS over the spinal enlargements in humans (Ugawa et al. 1989) , dogs (Machida et al. 1992) , and pigs (Konrad et al. 1994) . However, it has been recently reported that even though intervertebral discs, spines, cerebrospinal fluid, and tissue induce a shielding effect, this does not completely prevent access of the field into the cord tissue (Efthimiadis et al. 2010 ). The failure of the spinal electromagnetic field to stimulate descending tracts could be due to a lower intensity of electromagnetic fields and different coil configurations used in the abovementioned studies. Additionally, it could be the lack of an appropriate method for measurement of weak electrical signals evoked by spinal EMS. Other studies suggest a possibility of activation of the spinal tracts following spinal EMS. For example, it was shown that application of EMS over higher spinal cord levels induced a hindlimb muscle twitch in rodents (Ahmed and Wieraszko 2008) . Recent experiments in decerebrated cats revealed that application of the pulsed magnetic field to the lumbar enlargement evoked coordinated stepping movements of hindlimbs only; however, magnetic stimulation to the cervical enlargement evoked coordinated stepping movements of all four limbs (Avelev et al. 2011) . These results suggest that EMS has to activate synaptic inputs to lumbar motoneurons to induce contraction/flexion of distal muscles.
In the present study, we used, for the first time, an intracellular technique to record from motoneuron responses evoked by EMS. The advantage of intracellular recordings from single motoneurons is that this method allows the recording of even small synaptic responses, which are difficult to record using alternative, nonintracellular, electrophysiological methods. Our results of in vivo intracellular recording provide the first electrophysiological evidence that EMS, over intact thoracic vertebrae, elicit synaptic responses in lumbar motoneurons in HX adult rats ( Fig. 2A) . Results of our experiments, demonstrating that EMS-evoked synaptic responses in motoneurons can be blocked by intraspinal injections of CNQX (Fig. 2B) , strongly suggest that these responses are the result of EMSevoked activation of glutamatergic synaptic inputs to lumbar motoneurons. Consistent with these results, our previous reports indicate that intraspinal injections of CNQX selectively blocked motoneuron responses elicited by electric stimulation of LWM fibers in adult rats (Hunanyan et al. 2010a ). However, in contrast to responses evoked by electric stimulation of the specific descending tracts, it is difficult to determine exactly which tracts are activated by EMS.
EMS can likely activate the large segment of the spinal cord, brain stem, surrounding nerves, and possibly the cortex as well, exciting many tissue structures, e.g., cells, axons, and dorsal and ventral roots beneath and/or near the stimulation electromagnetic coil. Although EMS, over the spinal cord, can potentially activate several descending and ascending pathways that converge on common spinal motoneurons and interneurons, our results strongly suggest that EMS does activate synaptic inputs to lumbar motoneurons and that these inputs are glutamatergic.
LTP-like facilitation in HX spinal cord induced by repetitive EMS
Results of the current study provide evidence that repetitive EMS over intact vertebrae can be used as a noninvasive approach, which electrically stimulates the central nervous system through intact tissue, inducing propagation of action potentials through existing weak connections and thus activates synaptic inputs to lumbar motoneurons and consequently, enhances synaptic plasticity in the partially damaged spinal cord.
Repetitive electrical stimulation of appropriate afferent inputs is a rapidly developing rehabilitation strategy in humans with acute and chronic incomplete SCI (Dimitrijevic et al. 1998; Harkema et al. 2011) . In rodent models, chronic electric stimulation of the forelimb area of the motor cortex (Carmel et al. 2010) as well as epidural stimulation of the spinal cord (Courtine et al. 2009; Gerasimenko et al. 2008) were found to promote axonal regeneration and facilitate functional recovery after SCI. However, electrode implantation requires surgery and thus may induce adverse effects. In fact, some reports indicate epidural hematoma and severe compression of the spinal cord following implantation of epidural electrodes (Dam-Hieu et al. 2010; Franzini et al. 2005) . Another study indicates that epidural spinal cord stimulation is not cost effective and lacks long-term efficacy for the relief of spasticity and pain (Midha and Schmitt 1998) .
Here, we demonstrate that noninvasive EMS, rostral to a midthoracic HX injury level, could evoke compound action potentials in lumbar LWM (Fig. 3A) , activate synaptic inputs to lumbar motoneurons ( Fig. 2A) , and elicit MEP in hindlimb muscles (Fig. 3B ). Repetitive EMS, over intact vertebrae for 50 min, induced a marked facilitation of responses in the spinal cord and hindlimb muscles from dCST and LWM tracts (Fig.  5) , which are major descending tracts projecting to lumbar motoneurons and reportedly account for hindlimb-movement impairment caused by SCI (Ballermann and Fouad 2006; Bareyre et al. 2004; Brown 1974; Webb and Muir 2003 ). An important finding was that the facilitatory effect of repetitive EMS lasted for at least 1.5 h after stop of stimulation. The results of the current study suggest that repetitive EMS, over intact vertebrae, could be a promising, preferred, alternative, noninvasive method to strengthen transmission in damaged spinal cord after incomplete injuries.
Conduction deficits and decreased excitability at the existing surviving pathways are among major obstacles preventing better recovery after incomplete SCI, including chronic HX, contusion, and compression SCI Côté et al. 2010; James et al. 2011; Nashmi and Fehlings 2001; Onifer et al. 2005) . Our results suggest the possibility of enhancing plasticity at spinal circuits in damaged spinal cord by using a noninvasive spinal EMS. The effects of repetitive EMS, alone or in combination with other treatments on recovery of motor function after chronic HX and contusion SCI, are to be examined in future experiments.
How repetitive EMS strengthens synaptic transmission in injured spinal cord
The descending pathways, at least those activated by electric stimulation of LWM, including VLF axons in neonatal (Arvanov et al. 2000) and adult Hunanyan et al. 2010a ) rats, elicit monosynaptic EPSP, mainly via AMPA/kainate receptors. We speculate that after injury, the motoneurons with weak synaptic inputs may eventually become synaptically "silent", apparently because of loss of glutamate AMPA receptors from their membrane. Increasing the number of AMPA receptors in the extrasynaptic membrane can restore synaptic transmission, and it is the basic concept of LTP (Kerchner and Nicoll 2008) . Transport of AMPA receptors from the cytosol to the synapse is dependent on the activity of NMDA receptors, and the number of AMPA receptors in the neuronal membrane at glutamatergic synaptic inputs could be increased in an NMDA receptor activity-dependent manner (Malenka 1994) . The following experimental results suggest that this could be a possible scenario for LTP-like facilitation evoked by repetitive EMS: 1) the ability of EMS to activate glutamatergic synaptic inputs to lumbar motoneurons (Fig. 2) , 2) LTP-like facilitation of responses at these inputs after repetitive EMS, lasting beyond the stimulation period (Figs. 4 and 5), and 3) dependence of LTP-like action of repetitive EMS on activity of NMDA receptors (Fig. 6) . These results provide compelling information to speculate that consistent with the properties of LTP in hippocampus (Malenka 1994) , the number of AMPA receptors in the motoneuron membrane could be increased after exposure to repetitive EMS. However, direct evidence for determination of changes in axonal excitability and upregulation of AMPA and NMDA receptors in the motoneurons needs further study.
Role of NMDA receptors
Our experiments revealed a critical role of NMDA receptors in the induction and maintenance of LTP-like facilitation evoked by repetitive EMS. We found that blockade of NMDA receptors by intraspinal injections of MK-801 did not alter responses in the the motoneuron pool elicited by electric stimulation of dCST and LWM (Fig. 6) , but it prevented a facilitation effect of repetitive EMS on these responses in HX rats (Fig. 6) . In contrast, administration of MK-801, after EMS-evoked facilitation of these responses was established, depressed the amplitude of elevated responses (Fig. 7) .
The results, demonstrating that administration of MK-801 prior to EMS blocked the EMS-evoked facilitation (Fig. 6) , indicate that NMDA receptors in the motoneuron pool are required to initiate the facilitatory effect of repetitive EMS. Consistent with this observation, NMDA receptors in the motoneuron membrane have been found to be critical for initiation of LTP-like facilitation evoked by neurotrophins NT-3 (Arvanian et al. 2004; Arvanov et al. 2000) and BDNF (Arvanian and Mendell 2001a) in neonatal rats. A critical role of NMDA receptors in induction of different forms of LTP is well documented. Activation of NMDA receptors is known to induce entrance of Ca 2ϩ ions into neurons, including motoneurons, through NMDA channels (Cooke and Bliss 2006) , which initiate a second-messenger signaling cascade (Benke et al. 1998) . This, as a result, induces rapid insertion of additional AMPA receptors in the postsynaptic neuronal membrane (Shi et al. 1999 ), which in turn, results in a long-lasting increase of an AMPA receptor-mediated response, i.e., LTP.
The results, demonstrating the appearance of an MK-801-sensitive fraction of the elevated responses after repetitive EMS (Fig. 7) , suggest that repetitive EMS may activate NMDA receptor function in motoneurons at dCST and LWM inputs. These results are consistent with our previous findings that the NMDA receptor-mediated component of the synaptic responses in lumbar motoneurons from the VLF is evident only during the initial postnatal week and then declines due to its increasing sensitivity to the Mg 2ϩ block rather than the loss of NMDA receptors themselves (Arvanian et al. 2004; Arvanian and Mendell 2001b) . The Mg 2ϩ block of NMDA receptors is known to occur at resting membrane potentials and is reduced with depolarization (Ault et al. 1980; Nowak et al. 1984) . Here, we demonstrate that EMS, over intact vertebrae, may activate glutamatergic synaptic inputs to lumbar motoneurons and induce EPSP and even action potentials at the rise phase of EPSP and thus depolarization of the motoneuron membrane ( Fig.  2A) . These results suggest that the appearance of an MK-801-sensitive, NMDA receptor-mediated component of motoneuron responses at dCST and LWM inputs (Fig. 7) and LTP-like facilitation of these responses (Fig. 5) , induced by repetitive EMS, may be a result of repetitive depolarization of the motoneuron membrane at these inputs. The requirement for NMDA receptors in the motoneuron pool, to obtain the longlasting facilitation of synaptic transmission induced by repetitive EMS (Fig. 6) , and the ability of repetitive EMS to enhance NMDA receptor-mediated response (Fig. 7) together suggest a possibility of a mechanism, in which repetitive EMS modulates NMDA receptors, which in turn, strengthens synaptic transmission in damaged spinal cord. Consistent with this view of the role of NMDA receptors in strengthening synaptic connections in damaged spinal cord, it has been shown that activation of NMDA receptors had a marked, positive effect on locomotion in chronic spinal cats, and block of NMDA receptors prevented this effect (Giroux et al. 2003) . Cellular and molecular mechanisms, underlying the role of NMDA receptors, as well as the possible role of other excitatory and inhibitory spinal circuits and neurotransmitter receptor systems that could be activated by nonselective EMS, remain to be examined.
In conclusion, this study is the first demonstration that EMS, over intact T2 vertebrae of an anesthetized adult rat, can activate glutamatergic synaptic input to lumbar mononeurons. The ability of repetitive EMS to strengthen synaptic connections to lumbar motoneurons and to facilitate function of NMDA receptors at descending inputs in damaged the spinal cord could be used as a therapeutic approach in chronic incomplete SCI.
